Introduction
Core-binding factor (CBF) acute myeloid leukemia (AML) includes AML with t(8;21)/RUNX1 (AML1)-RUNX1T1 (MTG8, ETO) and AML with inv(16)/CBFb-MYH11, which are two of the four well-characterized subgroups of recurrent genetic abnormalities defined by the World Health Organization (WHO) classification.
1 A 'two-hit' model of leukemogenesis of AML, that is, cooperation of class I mutations which confer a proliferative advantage to leukemic cells and class II mutations which lead to differentiation block in leukemic cells, has been proposed. 2 Activating mutations of FLT3, c-KIT, CSF1R (c-FMS) and Ras genes are of class I mutations, whereas RUNX1-RUNX1T1 and CBFb-MYH11 are of class II mutations. FLT3, c-KIT and CSF1R belong to class III receptor tyrosine kinases (RTKs) and play a crucial role in hematopoiesis. 3 Ligand binding to RTKs induces receptor dimerization and autophosphorylation. Activating mutations of RTKs result in ligand-independent signals for cell growth. 3 Among the class III RTKs, FLT3 mutations have been intensively studied in childhood AML. [4] [5] [6] [7] [8] The frequencies of c-KIT mutations in childhood CBF-AML varied considerably. [9] [10] [11] [12] The numbers of patients in most of the published series were relatively small, especially, in children with inv(16)/CBFb-MYH11 AML, when compared with those of adult patients. [13] [14] [15] Since the frequencies of genetic mutations might differ between pediatric and adult AML, study on a larger number of pediatric CBF-AML is warranted to define the frequencies and patterns of c-KIT mutations. Moreover, the occurrence of other mutations of RTKs and Ras pathways, especially the CSF1R gene, has not been systematically studied in childhood CBF-AML. We previously reported that CBF-AML accounted for 24% of childhood AML in Taiwan. 16 In the present study, we sought to delineate the cooperating mutations of CSF1R, c-KIT, FLT3-LM (length mutation of FLT3), FLT3-TKD (tyrosine kinase domain of FLT3), N-and K-Ras genes in CBF-AML. Furthermore, the roles of cooperating mutations in relapse of childhood CBF-AML were not clear. We also aimed to make a comparative analysis on paired diagnosis and relapse samples to elucidate the possible roles of class III RTKs and Ras mutations in the relapse of childhood CBF-AML.
Materials and methods

Patients and Materials
Bone marrow (BM) samples obtained from 154 consecutive patients (age 17 years and younger) with de novo AML diagnosed at Mackay Memorial Hospital and Chang Gung Children's Hospital, Linkou were examined. BM samples were collected at diagnosis, at achieving complete remission and at BM relapse. Informed consent was obtained from the parents or guardians of the patients. The study was approved by the Institutional Review Board. Leukemic cells of BM samples were enriched by Ficoll-Hypaque (1.077 g ml
À1
; Amersham Bioscience, Uppsala Sweden) density-gradient centrifugation and cryopreserved in 10% dimethyl sulfoxide and 20% fetal bovine serum at À70 1C or in liquid nitrogen until test. At diagnosis, BM samples underwent Romanowsky system staining, cytochemical staining, immunophenotyping and cytogenetic analysis. The morphologic subtypes of AML were classified according to the French-American-British Cooperative Group. [17] [18] [19] Reverse transcriptase (RT)-PCR assay for the detection of fusion transcripts of PML-RARa, RUNX1-RUNX1T1 and CBFb-MYH11 were performed as described previously. 16 Detection of MLL rearrangement and characterization of fusion partner genes of MLL rearrangement were carried out as described before. 20 The treatments were given according to the TPOG-AML protocols as described previously. 21 
Methods
DNA and RNA extraction
Genomic DNA (gDNA) was extracted from frozen BM cells by using a DNA extraction kit (Puregene Gentra System, Minneapolis, MN, USA) according to the manufacturer's instructions. RNA was extracted and reversely transcribed to complementary DNA (cDNA) as described previously. 22 
Detection of c-KIT mutations
Mutation analysis of c-KIT was performed by direct sequencing for all RT-PCR products amplified with five overlapping primer pairs which cover the entire coding region of c-KIT gene from exon 1 through exon 21 (Supplementary Table S1 Samples with abnormal sequencing results for c-KIT mutations were subjected to a repeated PCR using gDNA with selfdesigned intronic primers for amplification of the fragment of exon 8, c-KIT-8F 5 0 -GGAGTGAAGTGAATGTTGCTGAG-3 0 and c-KIT-8R 5 0 -CAAGTGAATTGCAGTCCTTCCC-3 0 , and using the primers to amplify the fragment of exon 17 according to the published primer sequences of c-KIT-17F 5 0 -GTTTTCACTCT T-TACAAGT-3 0 and c-KIT-17R 5 0 -TTACATTATGAAAGTCA CAGGAAAC-3 0 . 23 The gDNA PCR reaction was carried out in a mixture containing gDNA, 0.2 mM dNTP, 2 mM MgCl 2 , 1 M Betaine, PCR buffer (pH8.5), Taq 
Cloning analysis
For samples carrying two mutations, cloning analysis was carried out to clarify whether the two mutations were on the same allele or on different alleles. The PCR product was run on a gel, cut, purified and subcloned into the pCRII-TOPO vector (Invitrogen). At least 20 clones were subsequently sequenced for each sample.
Detection of CSF1R mutations
Analysis of CSF1R mutations was performed by RT-PCR assay. The primers were designed to amplify the coding sequences from exon 5 through exon 22 of CSF1R gene (Supplementary Table S2 ). The RT-PCR reaction was carried out in a mixture containing cDNA, 0. Detection of FLT3 and Ras mutations gDNA PCR assay was performed to identify FLT3-LM followed by Genescan analysis to determine the allelic distribution when abnormal PCR products were present. 22 The detection of FLT3-TKD mutations was performed as described previously. 24 DNA PCR or RT-PCR followed by direct sequencing was performed to detect mutations at codons 12, 13 and 61 of the N-and K-Ras genes. 25 
Statistical analysis
The Fisher exact test (two sided) was used to compare the frequencies of mutations and BM relapse rates between two groups. Estimates of survival were calculated according to the Kaplan-Meier method. Comparisons of estimated survival curves were analyzed by the log-rank test. For all analyses, the P-valueso0.05 were considered statistically significant.
Results
Receptor tyrosine kinases and Ras mutations in CBF-AML at diagnosis
A total of 27% of pediatric AML (41/154) had CBF-AML. In patients with t(8;21)/RUNX1-RUNX1T1, 42.9% (12/28) had c-KIT mutations. In patients with inv(16)/CBFb-MYH11, 38.5% (5/ 13) had c-KIT mutations. Of the 17 patients with c-KIT mutations, five had single mutations in exon 8: one each with Y418_D419delinsG, T417_D419delinsF and T417_R420de-linsRGK and two with D419del. Nine patients had single mutations in exon 17: D816Y in four, N822K in three, D816H and D816V in one each. Three patients had two c-KIT mutations. The two independent PCR assays reproducibly gave the identical results. Cloning analysis indicated that Y418N and Y418_D419insFF were on the same allele in one patient, Y418_D419del and D816H were on different alleles in the other patient. Another patient harboring both D816Y and N822K, the two mutations were found either on the same allele (one clone) or on different alleles (seven D816Y clones and eight N822K clones, respectively) by cloning analysis. CSF1R mutation was not detected in the whole cohort of AML. Of the 41 CBF-AML patients, one had FLT3-TKD (D835V) mutation; three had N-Ras mutations: one at codon 12 (Gly12Asp) and two at codon 13 (Gly13Arg and Gly13Cys); two had K-Ras mutations, one at codon 12 (Gly12Asp) and the other at codon 13 (Gly13Asp). No FLT3-LM mutations were detected in children with CBF-AML. Together, 54% of children with CBF-AML had collaboration with RTKs and/or Ras mutations at diagnosis, only one patient had two mutations (c-KIT and N-Ras).
Comparison of RTKs and Ras mutations between CBF-AML and non-CBF AML
The frequencies of cooperating mutations of RTKs and Ras in CBF-AML and non-CBF AML at diagnosis are shown in Table 1 . In contrast to the high frequency of c-KIT in CBF-AML, c-KIT mutations were not detected in children with non-CBF AML. Patients with non-CBF AML were associated with higher frequencies of FLT3-LM as compared with CBF-AML group. CSF1R mutations were not detected in both CBF-AML and non-CBF AML.
In 62 patients with normal karyotype, 19 had FLT3-LM mutations, 9 had N-Ras mutations, 3 had K-Ras mutations and 6 patients had FLT3-TKD mutations. In seven patients with complex chromosomal abnormalities, none had RTKs or Ras mutations. Similarly, in three patients with monosomy 7, no any mutations were detected.
Remission marrows in AML with c-KIT mutations
A total of 14 of the 17 patients harboring c-KIT mutations at diagnosis had complete hematologic remission marrow samples available for mutational analysis, no c-KIT mutations were detected in all the remission samples. 
Mutational analysis on bone marrow relapse samples in CBF-AML
The impact of c-KIT mutations on outcome of CBF-AML
The BM relapse rate (8/41) in CBF-AML was lower than that of non-CBF AML (42/113) (P ¼ 0.051). The BM relapse rate in those with t(8;21)/RUNX1-RUNX1T1 (7/28) did not significantly differ from that in inv(16)/CBFb-MYH11 (1/13) (P ¼ 0.40). In patients with t(8;21)/RUNX1-RUNX1T1, the BM relapse rates did not significantly differ between those with and without c-KIT mutations (P ¼ 0.42).
There were no statistically significant differences in overall survival (OS) between c-KIT mutations ( þ ) and c-KIT mutations(À) groups in the whole cohort of CBF-AML (63%±12.1 vs 72%±10.3, P ¼ 0.45), in RUNX1-RUNX1T1 subgroup (57% ± 14.6 vs 74% ± 11.2, P ¼ 0.40) or in CBFb-MYH11 subgroup (80%±17.9 vs 70%±18.2, P ¼ 0.99). Also, no statistically significant differences were found in event-free survival (EFS) between c-KIT mutations( þ ) and c-KIT mutations(À) groups in the whole group of CBF-AML (71%±12.1 vs 80%±8.8, P ¼ 0.47), in RUNX1-RUNX1T1 subgroup (60% ± 15.5 vs 77% ± 11.5, P ¼ 0.30) or in CBFb-MYH11 subgroup (100% vs 86%±13.2, P ¼ 0.45).
Discussion
We have analyzed the c-KIT mutations in a large cohort of childhood CBF-AML. The frequency of c-KIT mutations in our series of AML was 11% compared with the reported frequencies ranging from 3.3 to 12.2%. [9] [10] [11] 26 The frequency of c-KIT mutations in our childhood CBF-AML was 41.5% compared with the reported frequencies of 0-37%. [9] [10] [11] 26 We found that there was no difference in the frequencies of c-KIT mutations between AML with RUNX1-RUNX1T1 and CBFb-MYH11 (42.9% vs 38.5%). The types of c-KIT mutations in our patients included in-frame deletion/insertion of exon 8, or point mutations in the activating loop of exon 17 and one patient had a combined exons 8 and 17 mutations. Double c-KIT mutations in the same individuals have been described in adults, 15 but not in children. Kohl et al. 27 demonstrated that c-KIT exon 8 mutants represent gain-of-function mutations that are sensitive to tyrosine kinase inhibitors and provide as a molecular target for therapy. All the mutations at exon 17 of c-KIT involved residues in the activating loop, D816 and/or N822, that exhibit increased tyrosine kinase activity. 28, 29 The reported patterns of pediatric c-KIT mutations varied. Meshinchi et al. 26 only examined mutations on exon 17 of c-KIT gene and found none of the 14 children with CBF-AML had a c-KIT mutation. Screening exons 8, 9, 11, 17 and 18 of c-KIT, Shimada et al. 12 found that 17.4% of patients with t(8;21) had c-KIT mutations that were exclusively located in exon 17. Two other groups reported that c-KIT mutations occurred in exon 8 or at D816 of exon 17 but not at N822. 9, 11 Whether the differences in the frequencies and mutations patterns of c-KIT among the published series and ours were attributed to the different ethinic composition, small sample size or different methodology used for detection of mutations remain to be determined. It is important to characterize the types of c-KIT mutations since their responses to tyrosine kinase inhibitors are different, for example, imatinib could inhibit N822 mutant but not D816 mutant. 29 Data from others and the present study suggested that only one mutation of RTKs and Ras pathways would be required for leukemogenesis. 10 Wang et al. 29 have demonstrated that a The human CSF1R functions as the receptor of monocytecolony stimulating factor. 31 Early studies suggested a role of CSF1R mutation in leukemogenesis. 3 By using allele-specific oligonucleotide (ASO) hybridization, activating mutations at codons 301 and 969 have been found in two small series of adult AML, 32,33 whereas others did not. [34] [35] [36] To the best of our knowledge, there was only one report on mutational analysis of CSF1R in pediatric AML, 26 however, which only focused on codons 301 and 969 and no mutation was detected. Recently, Abu-Duhier et al. 36 screened the entire CSF1R gene in 60 adult AML patients by using direct sequencing, they failed to find codons 301 or 969 mutations but identified two novel mutations at codons 245 and 413 in three patients, one of them carrying inv (16) . We used RT-PCR assay followed by direct sequencing to examine the coding sequences from exons 5 through exon 22 of CSF1R, we were unable to detect any mutations at codons 245 (exon 6), 301 (exon 7), 413 (exon 9) or 969 (exon 22) of CSF1R gene. It is of note that the previously reported mutations at codons 301 or 969 were all detected with the relatively insensitive and less specific ASO hybridization technique, 32, 33 by which codon 969 mutant was even found in one of the 51 normal subjects. 33 In the present study, the lack of CSF1R mutations in a systematic analysis on a large cohort of childhood AML indicated that CSF1R mutations is of no pathogenetic relevance either in CBF or non-CBF AML.
There have been very rare studies on the molecular alterations associated with the relapse of CBF-AML. We performed a comparative analysis on paired diagnosis and relapse marrow samples. We were unable to find acquisition or loss of any of the mutations involving c-KIT, CSF1R, FLT3-LM, FLT3-TKD, N-Ras and K-Ras. Of patients harboring the c-KIT mutations at diagnosis, all retained the identical mutations at relapse, suggesting that c-KIT mutations play a crucial role in the leukemogenesis in a substantial proportion of patients with CBF-AML.
Recently, c-KIT mutations have been found to adversely affect outcome in adult AML patients with t(8;21)/RUNX1-RUNX1T1, 11, 14, 15, 37 and inv(16)/CBFb-MYH11. 15 c-KIT mutations were also described to be associated with adverse outcome in childhood AML with t(8;21)/RUNX1-RUNX1T1 in one series, 12 but not in other series. 10 In the present study, there seemed no adverse impact of c-KIT mutations on BM relapse rate, EFS and OS of childhood CBF-AML. Further study including a larger patient population with CBF-AML is required to clarify this.
Our results showed that 54% of childhood de novo CBF-AML had RTKs and/or Ras mutations, with c-KIT being the most common. The frequency of c-KIT mutations in CBF-AML was significantly higher than that in non-CBF AML, whereas the frequency of FLT3-LM in non-CBF AML was significantly higher than that in CBF-AML. There were no significant differences in the frequencies of CSF1R, FLT3-TKD, N-Ras and K-Ras mutations between CBF and non-CBF AML.
